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A NOVEL STAINING METHOD FOR DETECTING BLOODBORNE BACTERIA 
AFTER THEIR DIELECTROPHORETIC ISOLATION. 
John Gaudet (Sponsored by David Peaper). Department of Laboratory Medicine, Yale 
University School of Medicine, New Haven, CT. 
 
Current methods to diagnose bacteremia typically require 18 to 36 hours to detect 
positive samples and five days to identify negative ones. This delay stems in part from 
the incubation time necessary for bacteria to multiply and achieve detectable 
concentrations. In recent years, microfluidic chips have been developed that isolate and 
concentrate bacteria from the blood on a time scale of minutes to hours (1). This research 
seeks to stain and visualize these bacteria after their microfluidic processing thereby 
significantly shortening the time required to diagnose bacteremia. 
The traditional Gram stain is not sufficiently sensitive to detect bacteria in this setting (2). 
A novel staining procedure involving sample filtration was therefore developed and 
tested against the Gram stain with a focus on the relative performance of these methods 
in samples with low concentrations of bacteria. 
The experimental staining procedure was first optimized by testing different 
combinations of filters and counterstains. The resulting finalized procedure, when tested 
against the Gram stain, detected bacteria at concentrations roughly two orders of 
magnitude lower than those of the control method. 
The results indicate that this novel staining method may have utility when used in 
conjunction with a microfluidic condenser in certain applications. As for a broadly 
applicable method of diagnosing bacteremia more quickly, these results are promising but 
further improvements are required to increase the sensitivity of the test and decrease the 
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 Severe sepsis refers to the syndrome of infection complicated by acute organ 
dysfunction (3). With over 750,000 cases per year and a case fatality rate of 
approximately one third, it is one of the leading causes of death in the United States and 
is the leading cause of death in non-coronary intensive care units (4,5). Although prompt 
administration of appropriate antibiotic therapy significantly reduces morbidity and 
mortality, laboratory confirmation of infection is not available until at least 1-2 days 
following blood sample collection (6). This delay means that clinicians must decide 
whether to initiate antibiotic therapy based on surrogate markers that are not highly 
accurate for infection (7). A more rapid method of diagnosing bloodstream infection 
could therefore provide significant clinical benefit. 
 Given this potential value, much research already focuses on the design and 
testing of new technologies in this area (8-10). As part of this search, the central purpose 
of this thesis is to present a new bacterial staining method and explore whether this 
experimental staining method could be used in conjunction with a microfluidic bacterial 
condenser to detect bacteria more quickly than by conventional methods. This approach 
is a two-step method starting first with condensation of the bacteria by a microfluidic 
chip, which will be discussed but is not the focus of this research, followed by detection 
of bacteria with a new staining protocol, which is presented and tested here as the subject 
of this endeavor. The main theoretical advantage of this experimental staining procedure 
over the traditional Gram stain is the possibility of a much lower limit of detection 
(LOD), which is defined here as the number and concentration of bacteria required in the 




Lowering the LOD in this setting is of paramount importance given that one of 
the fundamental and driving challenges in diagnosing sepsis is the relatively low 
circulating concentration of pathogens in bacteremia in general. For example, one study 
found that among 432 positive quantitative cultures from patients with Staphylococcal or 
Streptococcal endocarditis, 83% contained fewer than 100 bacterial colony forming units 
(cfu) per mL and 24% contained fewer than 10 cfu/mL (11). Even more impressive is a 
study which found that 60% (n=47) of blood cultures positive for Escherichia coli 
contained fewer than 1 cfu/mL (12). As a brief clarification, please note that the term 
‘colony forming units’ refers to the number of distinct, countable colonies that grow 
when a small volume of the sample is spread over a nutrient-rich agar and can be a slight 
underestimation of the true number of cells/mL in a sample (13). 
 Currently, this issue of low initial bacterial concentrations is solved by incubating 
the samples under appropriate bacterial growth conditions and allowing time for their 
replication. Once the bacteria in the incubated sample reach a concentration of 
approximately 106 - 108 cells/mL, their collective metabolic activity belies their presence. 
Early systems relied on technologists to check the samples for signs of growth, such as 
bubbling or lifting of the container’s stopper resulting from gas production by the 
bacteria (14). Now, this detection is automated. For example, a popular incubator called 
the BacT/Alert contains a pH sensitive dye that changes from green to yellow when the 
solution becomes more acidic as the result of carbon dioxide production by bacteria. The 
incubator automatically detects this color change and signals to a technician that the 
sample is positive (14). Most samples that remain negative for 5 days are considered 




 This automated system fits well into the laboratory workflow. Blood samples with 
a volume of ~10mL are collected directly from the patient into a container that is 
preloaded with nutrient broth, and laboratory technicians need only place the specimen 
into the incubator which then signals when a sample is positive or has been negative for 
the allotted time and can be discarded (16). Since only a few percent of blood culture 
specimens are ultimately positive (17), much labor is saved by avoiding processing of 
many negative samples. 
 But because the incubator requires a high final concentration of bacteria for 
detection, valuable time is spent waiting for the bacteria to replicate. For example, 
considering a replication time of 30 minutes, one can calculate that ~10 hours are 
required for the bacterial concentration to increase from 10 cells/mL to 107 cells/mL. 
After accounting for a delay in growth while the bacteria adapt to the new environment in 
the incubator, differing initial bacterial concentrations, differing replication times across 
different species of bacteria, and variation in the final concentration required for 
detection, the mean time to detection by incubation is approximately 24 hours (18,19). 
 Remember also that the incubator only detects the presence of bacteria in general 
and provides no information about the specific species of the organism. The process of 
determining the species of bacteria, called speciation, starts with a Gram stain of the 
incubated sample once it is positive. Gram staining is possible at this stage because of the 
relatively high concentration of bacteria after incubation. Clinicians gain preliminary 
insight into the identity of the pathogen with this relatively cheap and simple 
interrogation by determining the shape and color of the pathogen after staining. There are 




biochemical testing and mass spectrometry, and these processes require anywhere from a 
couple hours to a couple days (16). 
  Many technologies seek to offer clinical value by providing this information 
more quickly. Nucleic acid amplification by polymerase chain reaction (PCR), as 
previously mentioned, is promising given its relative speed and ability to speciate 
bacteria as well as detect them. Whole blood, though, is a poor sample matrix for PCR 
because of the high quantity of human DNA and the presence of PCR inhibitors such as 
iron and immunoglobulins in the blood. Sample processing to sequester human DNA and 
PCR inhibitors can partially mitigate these negative effects at the expense of added 
complexity and cost (13). Also, the sample input volume for PCR is generally less than 
500 µL, which increases the chance of the sample containing no bacteria despite the 
presence of active bloodstream infection in the patient. Specificity is also limited for PCR 
because even very small quantities of contaminating nucleic acid are amplified and 
detected. Furthermore, even if this nucleic acid was not a contaminate and truly came 
from the patient’s bloodstream, the presence of bacterial DNA or RNA in the blood is not 
equivalent to true bacteremia; when an infection is successfully treated, dead bacterial 
cells release ‘cell-free’ nucleic acid that can persist in the bloodstream for several days 
(13). Due to these limitations in sensitivity and specificity, PCR is not currently equipped 
to replace culture for the definitive identification of bloodstream infections. Nevertheless, 
there is now a direct-blood PCR for detection of Candida and some bacteria approved by 
the U.S. Food and Drug Administration (20). 
Now closer to the central question of this thesis, we can turn our attention to a 




separation. The term ‘microfluidic’ broadly refers to any device with small fluid 
channels, typically on the order of micrometers or nanometers, which are used to query or 
manipulate a sample in some way. The first microfluidic devices were developed in the 
late 1980s, and more recently they have found many biomedical applications including 
controlled drug delivery, single cell manipulation, and genetic analysis, to name a few 
(21,22). Dielectrophoresis (DEP) is a separate concept and refers to an electrodynamic 
phenomenon in which a non-uniform electric field exerts a force on a neutral particle 
with mobile charge, such as a bacterial or human cell (23). DEP is especially interesting 
because, in the case that this electric field is alternating, the force experienced by each 
cell peaks at a certain alternating frequency. The physics of this phenomenon are beyond 
the scope of this thesis, but the frequency at which a cell experiences this peak DEP force 
depends very precisely on that cell’s size, shape, membrane permeability, and other 
electrochemical properties (1). Given this selectivity, exciting applications abound; Pohl 
and Crane discovered in 1968 that the change in membrane permeability upon cell death 
enables separation of living cells from dead ones (24), and more recently Becker et. al 
exploited the different properties of breast cancer cells to isolate cancerous cells that may 
be circulating in the bloodstream (25). 
This technology also enables the separation of bacterial cells from a blood sample 
given that they are much smaller than their eukaryotic counterparts (26). Further studies 
have demonstrated that it is possible to separate different species of bacteria from one 
another using DEP (27). One can imagine an example DEP chip as having a main 




which bacteria can be selectively diverted while the rest of the blood flows by. Perhaps 
the first well would be for E. coli, the second for S. aureus, and so on. 
Based on the ratio of the initial sample volume to that of the output, there is also a 
condensation effect for the bacteria. This condensation factor depends on the sample flow 
rate, time of sample flow, capture efficiency, and the output volume, and these variables 
differ between systems (28). But to gain conceptual insight, let us consider a typical case 
with a blood sample initially containing 10 cells/mL of bacteria that we process at 140 
microliters/min for 30 minutes. Using a capture efficiency of 85%, meaning that the chip 
successfully isolates 85% of the bacteria from the input sample, and an output volume of 
200 microliters, we can calculate that after 30 minutes our output will contain 36 bacteria 
with a concentration of 180 cells/mL. 
Once this isolation step is complete, the next task is to detect the bacteria 
themselves, which is the purpose of the experimental staining protocol presented in this 
research. Before delving into that protocol, let us briefly address other promising 
detection methods in this setting. Raman scattering is a promising new method that 
detects differences in bacterial surface proteins by the way they scatter light and matches 
these scattering patterns to a library of patterns for known bacteria (29). Standardization 
of this library has proven difficult, though, as the scattering patterns are highly sensitive 
to minute differences in the device and method used to elicit them (30). Impedance 
detection is performed by holding individual bacterial cells between positive and negative 
electrodes and measuring the impedance that they introduce to the system (31). So far, 
attempts have been limited by the challenge of carefully controlling the conductivity of 




is a much more established technique already in use for other applications, including 
speciating bacteria in known positive samples after incubation. Although PCR is a 
reasonable solution, currently available methods can be labor intensive and costly, 
require significant expertise to perform, and are sometimes lacking external validation 
(33). 
Although any of the above technologies may emerge as the best way to detect 
these bacteria, none have yet. This thesis seeks to answer the question of whether this 
detection could be performed with a new method that involves filtering and staining the 
sample. This approach is in step with the World Health Organization recommendations 
made in their Medical Device Technical Series that new technologies should aim to 
achieve the ‘four As’ – availability, accessibility, appropriateness, and affordability (34). 
The staining reagents and laboratory equipment used in this experimental protocol are 
widely available, accessible, and relatively inexpensive. If this technique works, its 
simplicity would be more appropriate for the application because it would obviate the 
need for additional circuitry or conductivity adjustments required by alternate methods.  
To understand the motivation behind specific aspects of the experimental staining 
procedure, we must first explore how bacteria are normally stained. It is also worth 
mentioning that bacteria are translucent and to see them at all with a microscope, they 
must be stained in some way. The standard Gram stain often starts by placing a 
microscope slide onto a slide warmer then depositing an aliquot of the specimen onto the 
surface of the side. The heat from the slide warmer desiccates the sample and in the 
process, causes partial adherence of structures in the sample to the slide. Crystal violet, a 




also poured onto the sample then rinsed off. In certain bacterial cells, given differences in 
their cell wall structure, a complex is formed by the crystal violet, iodine, and proteins in 
the cell wall. The slide is then washed with a decolorizer, which is often a solution of 
ethanol and acetone and is so named because it removes the purple crystal violet stain 
selectively from the cells that have not formed this complex. All cells are then stained 
with a counterstain, often safranin, which stains all bacteria red. Ultimately, the cells 
which retained crystal violet appear a deep purple and are referred to as “Gram positive,” 
while the other cells appear red and are referred to as “Gram negative” (35).  
While Gram staining with direct microscopy is a consistent, reliable, and widely 
used method, there are two main limitations in this specific application. First, even 
dielectrophoretic condensation has difficulty reducing the bacterial suspension to a 
volume small enough for staining. Traditional Gram staining techniques use 
approximately 25	µL, wheras the output from the DEP condenser chip can be an order of 
magnitude larger in volume. Second, researchers attempting to use the Gram stain to 
detect bacteria in the urine have found that the sensitivity and specificity of the Gram 
stain drop off significantly around a bacterial concentration of 105 cells/mL which, as we 
saw in our sample case earlier with a final output concentration on the order of 102 
cells/mL, is far above the range of concentrations that we can expect for this application 
(2). 
The experimental technique presented here attempts to lower the LOD of the 
conventional Gram staining by passing the sample and the staining reagents through a 
filter. The first and most obvious advantage provided by the filter is that of much larger 




simply flow off the edge of the microscope slide. With a filter, one can process the entire 
output of the DEP chip. Second, little research exists on the topic, but the efficacy of heat 
fixation in the Gram staining procedure is unproven; it is possible that many of the cells 
originally on the slide are washed off during the repeated rinses and applications of 
staining reagents. In the experimental protocol, because the staining reagents are also 
passed through the filter, the bacteria themselves are trapped against the filter and should 
not be washed away. And finally, when performing the Gram stain, the sample droplet 
spreads to cover a circular area on the microscope slide. In the experimental protocol, a 
hydrophobic sheet is placed on top of the filter. A small hole in the hydrophobic sheet 
allows the sample to pass only through that small area and this reduces the surface area 
over which the sample is distributed. 
To postulate what effect, if any, these changes will have on the LOD of the 
experimental protocol, let us imagine looking through the microscope objective at a 
sample. There is some number of bacterial cells in the field of view (FOV) of the 
microscope at any given time. Perhaps there are thousands of bacteria in each FOV and 
so visualizing them is quite easy, and perhaps there are many more FOVs than bacteria 
such that many FOVs must be inspected to see even one bacterium. For example, if there 
were only 0.01 bacteria per FOV, then 100 FOVs would need to be inspected to find only 
one bacterium, and it would be very difficult to discern this positive sample from a 
negative sample. But as the bacteria become more numerous in the FOV for the positive 
samples, it becomes easier to distinguish the positive from the negative samples and the 




So, in conceptualizing the effect that a given change in the staining protocol will 
have on the LOD of the test, we can consider the  #	%&	'())*
+,'-%*'./,'	012
  as a surrogate marker. 
This is helpful because the #	%&	'())*
+,'-%*'%/,'	012
  can be mathematically related to certain aspects 
of the test, and this allows us to estimate the hypothesized impact of certain changes in 












The first term on the right side of the equation, '())*
+4
 , refers to the starting 
concentration of the bacteria in the sample. Multiplying that concentration by the sample 
volume, which is the next term, gives us the total number of cells that we start with when 
staining. The %	𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 term is the percentage of bacteria that do not wash off during the 
staining process and therefore accounts for the loss of bacteria during the repeated 
washings of conventional staining procedures. The final term, +,'-%*'%/,'	012
*AB,C,CG	B-(B
 , 
acknowledges that the bacteria are spread out over a region of the microscope slide that is 
often much larger than the FOV of the microscope. A larger 𝑠𝑡𝑎𝑖𝑛𝑖𝑛𝑔	𝑎𝑟𝑒𝑎 means that the 
bacteria are more dispersed on the slide which leaves fewer of them per FOV. 
 Looking at the right side of Eq. 1, the  '())*
+4
  term is not under our direct control. 
This concentration depends on the starting concentration of the bacteria in the blood 
sample, the volume of the blood sample, the capture efficiency of the DEP chip, and the 
volume into which the chip deposits these captured bacteria. The 𝑆𝑎𝑚𝑝𝑙𝑒	𝑉𝑜𝑙𝑢𝑚𝑒, on the 




magnitude, by using the entirety of the output from the DEP chip rather than a small 
portion of it. The next term, the %	𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑, is less straightforward. We can expect the 
filter to retain close to 100% of the original bacteria, but the efficacy of heat fixation in 
the conventional Gram stain technique has received very little attention. In one study, 
researchers compared heat fixation to methanol fixation, which is an alternate method 
that capitalizes on the volatility of methanol to dry the slide. They found that the slides 
fixed by methanol ultimately had ten times as many bacteria per FOV than those fixed by 
heat (36)! Perhaps these results indicate that the laboratory community should shift to 
methanol fixation, but here, for our purposes, we can infer from this study that during the 
conventional Gram stain with heat fixation, at most 10% of bacteria are retained on the 
slide. Finally, we increase the +,'-%*'%/,'	012
*AB,C,CG	B-(B
  term by reducing the staining area. Typically, 
depending heavily on the volume, sample droplets spread out to cover a circle ~1cm in 
diameter on the glass slide. In the experimental staining procedure, the sample is 
condensed onto a circular region measuring 7mm in diameter, which increases the final 
value of this term by roughly a factor of 2. Taken together, we can hypothesize that the 
experimental staining procedure will increase the #	%&	'())*
+,'-%*'%/,'	012
  by approximately 2 orders 
of magnitude and decrease the LOD by a similar margin. 
 Previous research in this area, although scant, gives some insight into the above 
reasoning and helps to direct the experiments themselves. There have been two dedicated 
inquiries into this idea of detecting bacteria by staining them on a filter, one in 1984 and 
the other in 1988 (37,38). Encouragingly, both found the filter staining technique to have 
a LOD about 2 orders of magnitude lower than the conventional Gram stain, with a LOD 




the specific interactions of different stains and filters and how this may affect the 
accuracy of the test. In both studies, researchers used the traditional crystal violet primary 
stain but switched out the safranin counterstain for a fuchsine counterstain instead. The 
1984 study comments that “off-the-shelf” Gram reagents did not provide sufficient 
contrast, but the exact identity of these trialed reagents is not stated, no pictures are 
provided, and the author did not specify if contrast was lacking between Gram positive 
and Gram negative bacteria or between the bacteria and the filter, or both (38). The 1988 
study vaguely states that conventional Gram reagents were tested but that “this technique 
did not yield morphologically well-defined bacteria on the filters.” Four pictures with the 
fuchsine counterstain are provided in this study, but these are not in color and so contrast 
and clarity are difficult to evaluate. This second study also allotted 15 minutes for 
viewing of the completed slides under the microscope which is an unrealistically large 
quantity of time if the test is to fit into the laboratory workflow and may have affected 
their LOD (37). Also, neither of these studies explored using different types of filters for 
this stain and neither presented an effective and standardizable way to concentrate the 
bacteria on surface of the filter. In summary, these studies are enlightening and 
encouraging but more work is needed to understand how this procedure may be 
optimized and standardized. 
 
Statement of Purpose 
1. Develop an optimized procedure for performing the filter stain. This includes 




the filter and exploring different combinations of filters and counterstains to find 
which produces the clearest image. 
2. Test the hypothesis that this experimental procedure has a lower LOD than the 
control procedure using a dilution series of bacteria. 
 
Methods 
Experimental Workflow Overview: 
 First, using a mixed suspension containing both Gram positive and Gram negative 
organisms each at 107 cells/mL, each of the 9 possible combinations of 3 filters and 3 
counterstains were tested using the experimental protocol. Also, one additional stain was 
performed with the polycarbonate filter and safranin counterstain in which the safranin 
counterstain was allowed to rest on the filter for 30 seconds. This was done to test the 
safranin with an exposure time comparable to the control Gram staining protocol. The 
results are presented as images taken of the microscopic FOV. Filter-counterstain 
combinations were judged subjectively based on their ability to distinguish Gram positive 
from Gram negative organisms and to distinguish the bacteria from the filter. 
 The polycarbonate filter with the fast green counterstain was selected as the 
optimal filter-counterstain combination and compared to the slide Gram stain by testing 
each procedure with a dilution series of bacteria. For this stage of the experiments, a 
dilution series of 107, 106, 105, 104, 103, 102, 101, and 100 cells/mL were created with E. 
coli alone, S. epidermidis alone, and both mixed together. In this mixed series, each 
species was present at the previously listed concentrations, such that the total 




single-species sample (i.e. a total concentration of 2 x 107, 2 x 106, … , 2 x 100 cells/mL). 
For each bacterial concentration, a portion was stained using the control procedure, and 
the experimental procedure was performed two times, once with a sample volume of 75 
µL and once with a sample volume of 1 mL. This amounts to 8 Gram positive control 
stains, 8 Gram negative control stains, 8 mixed control stains, 16 Gram positive 
experimental stains, 16 Gram negative experimental stains, and 16 mixed experimental 
stains. Only one replicate of the stain was performed for each sample. Each slide was 
examined for 30 seconds and the results are presented as images of the microscopic FOV. 
For slides with many bacteria, the image shown is a representative FOV. For slides with 
few bacteria, an image of the bacteria was captured. For slides in which no bacteria were 
found after 30 seconds, an image of blank space or debris was captured. Details of the 
creation of bacterial suspensions, the control and experimental procedures, and image 
capture follow. 
 
Creation and Verification of Bacterial Suspensions: 
 Bacterial suspensions were created in sodium chloride 0.45% (W/V) containing 
either Staphylococcus epidermidis ATCC 12228, Esherichia coli ATCC 25922, or both 
mixed together. Dilution series were prepared starting with a suspension adjusted to 0.48-
0.52 McFarland Units as measured by a densometer (DensiCheck plus, bioMérieux, 
Marcy-l'Étoile, France). An aliquot of this suspension was then transferred to a known 
volume of sodium chloride 0.45% and this process was repeated sequentially to create 
suspensions of 107, 106, 105, 104, 103, 102, 101, and 100 cells/mL. These vials were kept at 




the concentrations of bacteria, 3 samples from each of the 105, 104, 103, and 102 cells/mL 
vials were collected at 0, 3, and 6 hours after creation and plated on chocolate agar. Plates 
were incubated at 34-38°C for 24-48 hours before counting. 
 
Control Staining Procedure: 
 To increase the sensitivity of the control Gram stain, the sample volume used in 
this control technique was increased to 75	µL from the ~20 µL normally employed in a 
Gram stain. This extra volume, as explained in the following steps, was held in a droplet 
on the surface of the microscope slide by a hydrophobic sheet attached to the slide. The 
control procedure was devised in this way to make it comparable to using a Cytospin, 
which is a staining tool that condenses a similar volume onto the slide by centrifugation 
and is used to visualize specimens in which no organisms are seen on Gram stain as it has 
a higher sensitivity (39). We therefore relinquish the chance to make a direct comparison 
between our experimental staining technique and the conventional Gram stain, as the 
control procedure itself is a modified Gram stain, but this does give the experimental 
method a slightly more rigorous competitor. The instructions are as follows: 
1. Use a hole punch to make a 7mm hole in a stain resistant slide label and affix 
the label to a microscope slide. The exact slide label used here is a 1 P
Q
 inch x 1 
inch coated specimen label made custom by PDC Healthcare (PDC 
Healthcare, Valencia, CA) but has the same hydrophobic coating as many 
other products made by this company, including Product Number TDSS1-1-





2. Place the microscope slide onto a slide warmer set at 50 C. 
3. Deposit the 75 µL sample into the hole of the laboratory label. The sample 
should form a droplet that rests on the hydrophilic microscope slide in the 
hole formed by the hydrophobic laboratory label. 
4. Wait for the liquid to evaporate entirely. This requires approximately 15-20 
minutes. 
5. Apply crystal violet (Catalog number R40073, ThermoFisher, Waltham, MA) 
onto the sample and wait for 30 seconds. 
6. Rinse with the minimal necessary amount of water to clear the crystal violet 
from the slide. 
7. Apply iodine mordant (Catalog number R40077, ThermoFisher) onto the 
sample and wait for 30 seconds. 
8. Rinse with the minimal necessary amount of decolorizer (Catalog number 
R40075, ThermoFisher) then rinse immediately with water so that the slide is 
exposed to the decolorizer for a total of approximately 5 seconds. 
9. Apply safranin counterstain (Catalog number R40079, ThermoFisher) onto 
the sample and wait for 30 seconds. 
10. Rinse with water to clear the excess counterstain. 
11. Place the slide onto a slide warmer or otherwise allow to dry completely. 
 
Experimental Staining Apparatus:  
 The filtering mechanism, depicted in Figure 1, uses the same hole-punched, stain 




which together are placed on top of a filter pad. This filter and pad are then placed onto 
the surface of a fritted glass support that is connected to a vacuum flask with a stopper. 
The filter pad used in these experiments is the EMD Millipore™ Filter Support Pad made 
of cellulose fiber with a diameter of 25mm (Catalog number AP1002500, ThermoFisher). 
The fritted glass support base is selected from the Kontes™ Ultra-Ware™ Microfiltration 
Assembly, also with a 25mm diameter (Catalog number K953705-0000, ThermoFisher). 
The vacuum flask is connected by vacuum tubing to a vacuum that provides a maximum 
of ~10 pounds per square inch of vacuum (Air Cadet Single-Head Pump, Part number 
420-1901, ThermoFisher).  







 Filter types:  
1. Cellulose nitrate (CN), pore size 0.45µm, from Nalgene™ Sterile Analytical 
Filter Unit (Catalog number 130-4045, ThermoFisher). 
2. Polyethersulfone (PES) Supor® Membrane Disc Filter, pore size 0.45µm 
(Catalog number 60173, Pall Corporation, Port Washington, NY). 
3. Polycarbonate Millipore™ Isopore™ EMD Membrane Filter, pore size 0.4µm 
(Catalog number HTTP02500, ThermoFisher). 
 
Staining reagents (excluding counterstains): 
- Remel™ Gram Crystal Violet (Catalog number R40073, ThermoFisher)  
20.0 g Crystal Violet 
8.0 g Ammonium Oxalate 
200.0 mL Ethyl Alcohol 95% 
800.0 mL Demineralized Water 
 
- Remel™ Gram Iodine (Catalog number R40077, ThermoFisher) 
6.6 g Potassium Iodide 
3.3 g Iodine 
990.0 mL Demineralized Water 
 
- Decolorizer: Remel™ Ethanol 95% (Catalog number R40132, ThermoFisher) 
 
Counterstains (only one used per stain): 
- Remel™ Gram Safranin (Catalog number R40079, ThermoFisher) 
2.5 g Safranin 
100.0 mL Ethyl Alcohol 95% 





- Remel™ TB Kinyoun Carbolfuchsine (Catalog number R40104, 
ThermoFisher)  
40.0 g Basic Fuchsine 
200.0 mL Ethyl Alcohol 95% 
80.0 mL Phenol 
1000.0 mL Demineralized Water 
 
- Fast Green counterstain: Reagent C Counterstain from Remel™ DMSO 
Modified Acid-Fast Stain Kit (Catalog number R246303, ThermoFisher) 
By weight, in demineralized water: 
1.45 % Fast green 
9.86 % Acetic acid 
16.43 % Glycerin 
Setup: 
1. Prefilter all staining reagents using a filter with a pore size < 0.4 µm.  In this 
procedure, EMD Millipore™ Millex™ Sterile Syringe Filters made with a 
Durapore™ PVFD Membrane with a pore size of 0.22 µm were used (Catalog 
number SLHV033RS, ThermoFisher). 
2. Fill a 250mL beaker with at least 100mL of tap water.  
3. Set 2 pipettes to a volume of 75 µL and 1 pipette to a volume of 150 µL. Also 
set 1 additional pipette to the desired sample volume. In these experiments, 
sample volumes of 75 µL and 1,000 µL were tested. 
4. As shown in Figure 1, attach the vacuum hose to the side port of the vacuum 
flask and connect the fritted glass support to the top using a rubber stopper. 
5. Use the hole punch to make a hole in the slide label then remove the backing 
to expose the self-adherent surface. Adhere the label to the top of the filter. 




For the PES filters, there is no directionality. For the polycarbonate filters, the 
top can be identified by its smooth sheen.  
6. Using tweezers, briefly dip the cellulose filter pad into the beaker of water and 
place it on top of the fritted glass support. 
7. Place the bottom of the filter onto the cellulose filter pad. The assembly 
should now resemble Figure 1 in full. 
 
Staining: 
8. Turn on the vacuum and leave it on until the staining is complete. 
9. Pipette the sample directly onto the filter. For small volumes of ~75 µL, the 
entire volume can be pipetted at one time. For larger volumes, deposit the 
sample in increments as the vacuum draws the sample through the filter. For a 
volume of 1,000 µL, this step requires 30-45 seconds. 
10. Using one of the pipettes set to 75 µL, deposit 75 µL of crystal violet stain 
onto the filter. 
11. As soon as the stain is drawn through the filter, rinse with 150 µL of water 
using the pipette set to that volume. 
12. Use the same pipette to deposit 150 µL of the iodine solution. 
13. Once the iodine is drawn through, use either of the two pipettes set to 75 µL to 
deposit 75 µL of 95% ETOH onto the filter. The ETOH will be drawn through 
the filter very quickly.* 
																																																						




14. Use the 75 µL pipette not exposed to crystal violet to deposit 75 µL of 
counterstain onto the filter. Once the counterstain is drawn through, repeat this 
step and again wait for the stain to pass through the filter. 
15. Rinse with 150 µL of water two times.  
16. Turn off the vacuum. 
 
 Preparation for Microscopy: 
17. Use tweezers to grab the overhanging region of the label and remove it and 
the filter from the top of the cellulose filter pad. Discard the cellulose filter 
pad. 
18. Place the label onto a slide warmer set to 50°C with the adherent side down so 
that the bottom of the filter is in contact with the slide warmer and allow 15 – 
30 seconds to pass.  
19. Use the tweezers to place the label onto a microscope slide. The overhanging, 
self-adherent region of the label will affix the specimen to the microscope 
slide. 
20. Deposit 1 drop of immersion oil onto the sample region and cover with a 
cover slip. 
21. Add 1 drop of immersion oil on top of the cover slip. 
 
Microscopy and Image Capture: 
 All samples were examined with conventional bright-field microscopy (Axio 




were captured with a camera mounted on the microscope (SPOT Insight 2.0 Mp Color, 
SPOT Imaging, Sterling Heights, MI) using image capture software (SPOT Basic™ 4.2, 
SPOT Imaging, Sterling Heights, MI). 
 
Results 
Verification of Bacterial Suspensions:  
 Results of the plate counting for Gram positive and Gram negative organisms 
after 0, 3, and 6 hours of resting in an ice bath are shown in Tables 1 and 2, which can be 
found after the references section at the end of the thesis. For expected plate counts of 
100 bacterial colonies, average counts over 3 plates ranged from 49-125 colonies per 
plate and for expected plate counts of 10 bacterial colonies, average counts over 3 plates 
ranged from 3-17 colonies per plate. 
 
Comparing Filter-Counterstain Combinations: 
 The images collected using the different filter-counterstain combinations are 
presented in Figures 2 and 3. Figure 3 displays the stains with the polycarbonate filter, 
which are the same as those displayed in the bottom row of Figure 2, but at a larger size 
for better comparison. Both the cellulose nitrate and polyethersulfone filters retained 
counterstain which made the background opaque. Apologies are made for the quality of 
the images with these filters; more detail can be seen through the eyepiece of the 
microscope, but white balancing on the image capture software washes out minute 
differences in the shades of darkness. Regardless, the results with these two filters are 




The polycarbonate filters, on the other hand, were more resistant to the 
counterstain and provided a much clearer image. An additional benefit of the 
polycarbonate filters is that the inside surfaces of the filter pores retain a small quantity of 
the crystal violet stain, which gives the image a faint, purple, stippled background. These 
markings are easy to distinguish from bacteria based on their specific size, shape, faint 
staining color, and their lateral movement upon adjustment of the fine focus knob given 
that the pores in polycarbonate filters are not perpendicular to the plane of the filter. 
These markings aided greatly in finding the correct plane of focus, especially when 

















Figure 2: Filter-counterstain combinations presented with an image size of 20x20 µm. 
Gram positive and Gram negative bacteria are each present at a concentration of 107 
cells/mL. 
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Figure 3: Enlarged polycarbonate filter stains from Figure 2 
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Examining Figure 3, we see that the safranin only faintly stains the Gram negative 
bacteria. This faint staining was not improved by increasing the exposure time of the 
safranin to 30 seconds, as shown in Figure 4. The carbol fuschine provided a more 
vibrant stain for the E. coli but also decolorized the S. epidermidis which rules it out from 
being an acceptable counterstain. Finally, the fast green produced clear and easily 
discernable Gram negative bacteria and did not decolorize the Gram positive bacteria. 
The polycarbonate filter with the fast green counterstain was selected for further 
experimentation. One final image using this combination is presented in Figure 5 with the 
same concentration of bacteria but a 1 mL sample volume so that the bacteria are more 
numerous and the contrast fully appreciable. 
Figure 4: Polycarbonate filter with 30 second exposure to safranin counterstain. Image 
size is 40x40 µm, and Gram positive and Gram negative bacteria are each present at a 
concentration of 107 cells/mL. Notice that the Gram negative bacteria are still faintly 






Figure 5: Polycarbonate filter with fast green counterstain. Gram positive and Gram 
negative bacteria are each present at a concentration of 107 cells/mL and the sample 





Control vs. Experimental Protocol with Dilution Series: 
 The results using suspensions of S. epidermidis are shown in Figure 6. The 
control Gram stain protocol and the experimental protocol with a 75 𝜇L sample volume 
each performed similarly by detecting bacteria down to a concentration of 104 cells/mL. 
The experimental protocol with a 1mL sample volume detected bacteria down to a 




 The results using suspensions of E. coli are shown in Figure 7. The control Gram 
stain protocol was successful in identifying Gram negative bacteria down to a 
concentration of 105 cells/mL, while the experimental procedures with both sample 
volumes detected bacteria down to a concentration of 103 cells/mL. 
 Finally, the results using mixed suspensions of both S. epidermidis and E. coli are 
shown in Figure 8. The control Gram stain protocol was successful in identifying bacteria 
down to a concentration 2 x 104 cells/mL. The experimental protocol with a sample 
volume of 75 µL detected bacteria down to a concentration of 2 x 103 cells/mL while the 
larger sample volume of 1 mL allowed detection of bacteria to a concentration of 2 x 101 
cells/mL. 
Figure 6: Control Gram Stain vs. Experimental Protocol for Bacterial Dilution Series of 
S. epidermidis Suspensions. Image size is 20x20 µm. 
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Figure 7: Control Gram Stain vs. Experimental Protocol for Bacterial Dilution Series of 
E. coli Suspensions. Image size is 20x20 µm. 
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Figure 8: Control Gram Stain vs. Experimental Protocol for Bacterial Dilution Series of 
Mixed S. epidermidis and E. coli Suspensions. Image size is 20x20 µm. 
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In search of a more rapid method for diagnosing bacteremia, this research 
explores one possible step forward by attempting to answer the question of whether 
bacteria present in the output of a DEP chip can be reliably detected by filtration, 
staining, and observation with brightfield microscopy. A novel staining procedure was 
presented and compared against a more conventional staining method with a focus on the 
relative limits of detection of the two methods. Among the options tested, the results 
indicate that the combination of the fast green counterstain with a polycarbonate filter 
provides the best contrast. Comparing this stain to the control Gram stain, these 
experiments indicate that there is a reduction in the LOD by roughly 2 orders of 
magnitude, and this reduction is concordant with our conceptual framework and the 
results of previous researchers. 
Concerning the central question of whether this test is well suited for the output of 
a DEP chip, these results certainly shed light but a definitive answer is elusive given 




results section in terms of the total number of cells introduced to the filter rather than the 
concentration and volume of the sample. This is reasonable because the filtering step 
makes the test inherently volume independent in this range of sample volumes, and this 
simplification will be helpful for generalizing these results to a variety of DEP platforms 
and desired applications. So, for example, with Gram positive organisms the 
experimental LOD was 104 cells/mL for a 75 µL sample (750 total cells in the sample) 
and 102 cells/mL for a 1 mL sample (100 cells in the sample). Converting all six different 
LODs from the results section (G+, G-, and mixed G+/G- for 75 µL and 1 mL samples) 
and averaging over these six values yields an average of 349 cells that were introduced to 
the filter at the LOD. Rounding up, we can then estimate that roughly 1,000 cells are 
needed in the sample to be within the LOD of the test. Interestingly, given that the FOV 
in these experiments was roughly 200 µm in diameter and the staining area 7 mm in 
diameter, this works out to approximately 1 cell per FOV needed to reliably detect the 
presence of bacteria. 
The number of cells in the output of the DEP chip is dependent on the initial 
concentration of bacterial cells in the bloodstream of the patient, the sample volume, and 
the capture efficiency of the chip. Revisiting the sample case from the introduction, we 
remember that for a sample initially containing 10 cells/mL and a typical flow rate of 140 
µL/min, 30 minutes were required to sequester only 36 bacterial cells from the sample. In 
this setup, approximately 14 hours and 118 mL of the patient’s blood would be needed to 
isolate the requisite 1,000 bacterial cells for the staining procedure! Even more dire is the 




per mL of blood. The already unrealistic time and blood volume requirements would each 
rise by a factor of 10. 
But hope is not lost; there are some settings and applications in which this LOD 
may prove useful. In a study exploring the value of quantitative blood cultures drawn 
from patients in whom catheter related sepsis (CRS) was suspected but, for various 
reasons, the line was not removed from the patient, Capdevila et. al found that more than 
half of patients with CRS were found to have >1,000 cfu/mL of blood drawn from the 
catheter lumen (40). Pediatric patients are also known to have a higher bacterial load 
when bacteremic. For example, Dietzman et. al found that approximately one third of 
neonates with E. coli sepsis had a bacterial load of 1,000 cells/mL or greater (41). 
Considering the example DEP system presented previously, for a sample with such a high 
starting concentration of bacteria only 9 minutes and slightly more than 1 mL of the 
patient’s blood would be required to move within the LOD of the filter stain. Perhaps this 
diagnostic approach would not exhibit great sensitivity and therefore could not be used to 
rule out infection, but it may have promise as a quick screening tool. 
Given the conceptual framework presented in the introduction, we can also 
hypothesize the LOD of this filter staining system taken to its extreme. As a reminder, let 
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when viewing them through the microscope and therefore easier to detect, thereby 
lowering the limit of detection. In the experimental protocol, a 7mm hole was placed in 
the hydrophobic sheet covering the filter, meaning that the bacteria were directed onto a 
staining area of ~38mm2. This size was chosen for the sake of simplicity and proof of 
concept, but there is no reason to think that the staining procedure would not work with a 
smaller staining area. A hole slightly greater than 1mm, in fact, would reduce the staining 
area by an order of magnitude and, in theory, similarly reduce the LOD from ~1,000 to 
~100 cells. 
Aside from optimizing the staining procedure itself, changes can be made 
upstream in the process that increase the number of cells in the output from the DEP chip. 
For instance, the blood sample could be incubated for a short period of time before 
processing, thereby allowing time for the enrichment of the sample into a range of 
concentrations that makes detection easier. Although the hope at the outset was to test the 
sample immediately upon collection from the patient, perhaps a ‘preincubation’ step 
could speed the diagnosis of bacteremia from ~24 hours to 6 or 12 hours. And secondly, 
DEP microfluidics is itself a rapidly advancing field and researchers are finding new 
ways to increase the flow rate of the blood sample, thereby allowing the processing of a 
larger volume in the same amount of time (21). Capture efficiencies are already relatively 
high, but they have continued to increase incrementally as well (21). In these ways, the 
staining technique presented here may have certain useful applications that arise from 
changes other than improving the staining LOD itself. 
  In this evaluation, though, we must remember that automated blood incubators 




whereas this staining procedure requires a few minutes to perform and examine each 
stain. Perhaps laboratories and hospitals would value the more rapid bacterial detection 
enough to invest extra time and resources, but this seems unlikely, especially considering 
that in the proposed format, a separate stain would need to be performed for each species-
specific well for each sample which amounts to an unrealistic quantity of labor. One 
potential solution could be to query each sample in a binary fashion with a DEP chip with 
only one well for all bacteria, and if positive, test the sample with a DEP chip with 
individualized wells. Another could be to use such a single-well chip to condense down 
the bacteria and stain only half the output; the other half could be plated only if the stain 
is positive and the plate colonies could be speciated with mass spectrometry, for example, 
once they grow. Or maybe such a staining protocol would not be part of the routine 
processing of blood specimens and reserved only for special scenarios, such as 
monitoring intraluminal samples from patients with indwelling catheters suspected to be 
infected, where the LOD is appropriate and the cumulative number of samples is 
reasonable for the laboratory workflow. 
 There is also the potential to use this staining method to detect bacteria in other 
sterile fluids such as CSF, joint fluid, ascites and pleural fluid. These fluids often have 
low bacterial concentrations that are difficult to detect via the Gram stain. Possible 
obstacles to these applications include a high viscosity of the sample that inhibits 
filtration and deposition of non-bacterial elements onto the filter that obscure the bacteria 
during microscopic examination. Nevertheless, there are many possible avenues by which 




 But before finding specific applications for this staining procedure, more bench 
level research needs to be performed. In these experiments, only two species of bacteria, 
E. coli and S. epidermidis, were tested. All common bacterial pathogens should be tested, 
as well as yeasts. Furthermore, one individual performed and examined all the stains 
presented in this research. A useful next step in this area would be to have randomized, 
stained samples examined by an independent observer to determine the accuracy of the 
protocol in this partially blinded setting. This would also be helpful because the 
experiments presented in this thesis are limited by their inclusion of only one replicate at 
each bacterial concentration. With many repetitions and examination by an independent, 
blinded observer, we could begin to draw conclusions about the sensitivity and specificity 
of the test at a given bacterial concentration. Finally, the transferability of the staining 
procedure could be explored by testing the ability of independent laboratory technicians 
to learn and perform the stain properly. 
 Overall, though, this research demonstrates that with a filter, basic lab equipment, 
common staining reagents, and conventional brightfield microscopy, a stain can be 
performed and examined that has a lower LOD than the traditional Gram stain and is 
well-suited for testing the output of a DEP microfluidic bacterial condenser. A 
polycarbonate filter is a suitable substrate for bacterial staining and microscopic 
visualization, and such a filter, together with a hydrophobic layer on top, can condense a 
sample onto a small surface area and retain the bacteria during the staining procedure. 
The fast green counterstain works well to provide contrast for the Gram negative bacteria 
without decolorizing the Gram positive bacteria or staining the filter. The net result of 




of magnitude, and the LOD of this experimental stain potentially meets the benchmark 
for certain diagnostic applications when used in conjunction with a DEP condenser. 
Future improvements to the staining technique, including reducing the staining area, can 
be expected to further lower the LOD of the test. These results, then, are promising and 
indicate that with additional development, more rapid microbiological diagnosis of 
























































































































































Table 1: Plate counts for suspensions of S. epidermidis. Counts at each concentration and 














1x105 cells/mL 1 𝜇𝐿 100 56, 7.6 75, 10.0 114, 17.2 
1x104 cells/mL 10 𝜇𝐿 100 49, 5.3 51, 13.7 51, 9.0 
1x103 cells/mL 100 𝜇𝐿 100 60, 6.1 50, 4.0 50, 9.1 
1x102 cells/mL 100 𝜇𝐿 10 5, 2.6 4, 2.5 3, 1.5 
 
 
Table 2: Plate counts for suspensions of E. coli. Counts at each concentration and time 














1x105 cells/mL 1 𝜇𝐿 100 119, 7.8 93, 18.6 125, 20.2 
1x104 cells/mL 10 𝜇𝐿 100 104, 5.5 94, 2.6 87, 6.1 
1x103 cells/mL 100 𝜇𝐿 100 100, 25.1 89, 12.6 84, 8.0 
1x102 cells/mL 100 𝜇𝐿 10 12, 3.8 8, 2.6 17, 7.1 
 
